A phase-modulation approach to closed-loop fiber-optic gyroscopes is described that uses an all-fiber gyroscope, which can provide a linearized scale factor. Preliminary experimental results with manual closing of the feedback loop show good linearity in the scale factor. This approach has, in theory, an inherent suppression of source-wavelength dependence of the scale factor.
Closed-loop operation of a fiber gyroscope can provide a wide dynamic range for rotation sensing.' A number of such gyroscopes have been demonstrated that use the magneto-optic effect, 2 frequency shifters, 3 and phase modulators 4 ' 5 as phase-nulling devices. The phasemodulation approach has several attractive features. One is that phase modulators with negligible insertion loss are readily available in all-fiber form. Also, this approach can be applied to the existing all-fiber openloop gyroscope 6 ' 7 without any appreciable modification of the latter, thus retaining its high sensitivity and stability. Another potential advantage of the phasemodulation approach is that the source-wavelength dependence can be suppressed. 4 ' 5 This suppression becomes complete when the scale factor is linear. Thus far, however, a sufficient degree of linearity for practical closed-loop gyroscopes using the phase-modulation approach has not been reported, and in this Letter we show that this is achievable.
A time-varying phase shifter located at an asymmetric position within the sensing loop of a fiber gyroscope provides a differential phase shift Aq5(t) between counterpropagating waves given by Ak(t) = 0(t) -q(t -r).
Here 0(t) is the phase shift generated by the phase shifter at time t, and r is the difference in arrival times for the two counterpropagating waves at the phase shifter.
To null the rotation-induced Sagnac phase shift it is necessary to be able to produce a dc phase difference A4 between the counterpropagating waves, which requires 0(t) to be a linear ramp in time. An optical-frequency shifter located at an asymmetric position in the sensing loop can generate this linear phase ramp, 3 giving AO = 2i7rTAf, where Af is the frequency shift. A frequency shifter also has the advantage of giving a frequency readout as a measure of rotation rate. However, a frequency shifter in a fiber form with properties suitable for practical gyroscopes has not been reported. Commonly used fiber-optic phase modulators, which modulate fiber length, cannot provide a continuous phase ramp, and thus a dc differential phase shift between the counterpropagating waves, because of reciprocity of the two optical paths. However, they can provide nulling during finite periods of time. For example, if a sawtooth waveform is applied to an idealized phase modulator, as in Fig. 1 , a dc Sagnac phase shift can be nulled out during the intervals T -r or r by adjusting the amplitude or frequency of the sawtooth.
The idea is that the zero Sagnac phase shift can also be simulated by turning off the rotation signal from a gyroscope. Therefore, the rotation-induced Sagnac phase shift can be effectively nulled by a combination of phase-modulation-induced A1 for a part of the modulation cycle and turning off the signal for the rest of the cycle. The signal grating can be accomplished either at the light source or at the detector. The slope of phase ramp that determines the differential phase shift can be controlled by adjusting the modulation amplitude O0. A triangular phase-modulation waveform can also be used, in which case the time interval for which the signal must be turned off is longer. One of the most commonly used fiber-optic phase modulators is a piezoelectric cylinder wrapped with several turns of fiber. The response of this device is not generally uniform over a sufficiently wide frequency range to provide a sawtooth-wave phase modulation unless the amplitudes and phases of individual Fourier components of the applied waveform are controlled. In Fig. 3 , a schematic of the experimental setup is shown. An all-fiber gyroscope was used. The fiber length and the radius of the sensing coil were about 580 m and 7 cm, respectively. The wavelength of the light source was about 830 nm. The gyroscope was dynamically biased 8 by using a piezoelectric hollow-cylinder phase modulator with several turns of fiber. The first resonance frequency of this piezoelectric cylinder was about 20 kHz. The bias modulation frequency fb was 172 kHz, and the amplitude of phase-difference modulation A'kb was approximately 1.8 rad. The phase modulation for cancellation of the Sagnac phase shift was obtained from the same phase modulator as that used for the bias modulation.
For this experiment we chose to use the sawtoothwave approximation described previously. A train of square-wave pulses was generated by a pulse generator at a repetition frequency /r = 15 kHz. The frequency spectrum of this signal contained harmonics of the fundamental frequency fm. A low-pass electric filter suppressed all frequency components except the first and second harmonics of /m. The relative amplitude of these frequency components (15 and 30 kHz) could be adjusted by varying the width of the square pulses from the pulse generator. A variable-bandpass filter (selective amplifier) was used to adjust the relative
To avoid this problem, a sinusoidal phase modulation with a gating signal with 50% duty cycle can be used to obtain a dc phase difference between counterpropagating waves in a time-average manner. 5 In this case, however, the scale factor that relates rotation rate and the amplitude of the sinusoidal phase modulation needed to cancel the Sagnac phase shift is not strictly linear.
A sawtooth or triangular waveform of phase modulation can be approximately simulated by the sums of two sinusoidal terms, namely, the fundamental plus the second harmonic (sawtooth waveform) or the third harmonic (triangular waveform). The amplitude and phase relationships between the two terms must be properly adjusted. Figure 2(a) shows the waveform of the phase-difference modulation constructed from two sinusoidal phase-modulation terms to approximate a sawtooth waveform. The phase difference modulation depicted in Fig. 2(a) is AO = cos Cf)mt -0.3 cos 2wsmt. A peak of each cycle of phase-difference modulation is approximately flattened. This dc-like section of phase-difference modulation can be used to null out a Sagnac phase shift LAR, and signal turnoff can be used to simulate zero AiR for the rest of the time, as depicted in Fig. 2(b) . phase of the two frequency components. This signal was applied to the phase modulator through a power amplifier.
The electrical signal from a silicon photodetector was gated with an electronic switch triggered by a synchronizing signal from the pulse generator. The phase of the gating was adjusted by electronic delay of the trigger signal. An approximately 30% duty cycle was used to get a linearized scale factor. The signal at the bias modulation frequency ftb was measured using a bandpass filter followed by a phase-sensitive demodulator (PSD).
Closed-loop operation of the gyroscope was accomplished by manual adjustment. As the gyroscope was rotated, the amplitude of electronic signal applied to the phase modulator was adjusted until the output from the PSD was nulled. Figure 4 shows experimental results. The Sagnac phase shift AtR was determined by measuring the rotation rate for AObR = 7r, where the PSD output is zero in the absence of feedback phase modulation. The amplitude of phase-difference modulation A,,, is defined such that Aqm = -7r when the PSD output is zero for the second time without a Sagnac phase shift (the first zero occurs when AOm = 0). A linear response of the phase modulator to the applied signal is assumed. The solid line in Fig. 4 corresponds to AOm = AORThe good linearity of the scale factor shown in Fig. 4 implies that the source-wavelength dependence of scale factor of a gyroscope using the present modulation system would be strongly suppressed. This was possible because the amplitude of the phase-difference modulation has the same wavelength dependence as the Sagnac phase shift 4 (1/X). Considering the fact that the wavelength of a light source (especially a solid-state light source) is difficult to control, this phase-modulation approach can improve the stability of the scale factor. Calculation shows that the gating time interval and relative amplitudes of the two frequency components can be adjusted to provide a linearity of the scale factor on the order of 10-5 up to 20 rad of Sagnac phase shift, assuming a linear response of the phase modulator to the applied signal {e.g., when Aq5, (t) ec [cos(Wcmt) -0.4 cos(2&)mt)] and a 30% duty cycle}. This implies a suppression of the source-wavelength dependence of the scale factor to the same order of magnitude. The stability and the linearity of the phase modulator and electronic devices used also directly affect those of a gyroscope scale factor.
The gating process introduces a loss of signal power and possibly of information, as noted in Ref. 5 . The loss of signal power may be recovered by pulse operation of the light source in synchronism with the gating to get approximately the same average optical power as dc operation.
The feedback modulation frequencies (fin and 2f4,) are chosen to avoid resonance frequencies of the phase modulator, to provide better stability. Also, no harmonic frequency of /m coincides with the bias modulation frequency fb, to eliminate possible offset or noise in the rotation signal.
